The ultrastructure and physicochemical and thermal properties of Palm Kernel Shells (PKS) in comparison with Coconut Kernel Shells (CKS) were investigated herein. Powder samples were prepared and characterized using Surface Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM). Chemical and elemental constituents, as well as thermal performance were assessed by Van Soest Method, TEM/EDXA and SEM/EDS techniques. Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA) were also performed for thermal characterization. SEM/EDS and TEM/EDXA revealed that most of the PKS and CKS materials are composed of particles with irregular morphology; these are mainly amorphous phases of carbon/oxygen with small amounts of K, Ca and Mg. The DSC data permitted to derive the materials' thermal transition phases and the relevant characteristic temperatures and physical properties. Thermal Transition phases of PKS observed herein are consistent with the chemical composition obtained and are similar to those of CKS. Nonetheless, TGA/DTG showed that the combustion characteristics of PKS are higher than those of CKS. Taken together, our results reveal that PKS have nanopores and can be efficiently used for 3D printing and membrane filtration applications. Moreover, the chemical constituents found in PKS samples are in agreement with those reported in the literature for material structural applications and thus, present potential use of PKS in these applications.
Introduction
Ensuring economic sustainability in developing countries has led to harnessing biomass materials having potential value added applications [1] [2] [3] . In this context, Palm Kernel Shells (PKS) that are agricultural solid end products of oil palm manufacturing processes show promising features for novel applications.
The Palm Oil Plant (Elaeis Guineesis jacq.) exists in three different cultivars namely Dura, Pisiphera and Tenera [4] [5] . The wild occurring cultivar, Dura, produces a fruit with a thick kernel shell, whereas the Pisiphera cultivar is devoid of shell and the Tenera hybrid cultivar is obtained by crossbreeding Dura and Pisiphera. The Tenera species, with its thin kernel shell and abundant pulp, is the most industrially exploited and therefore the main waste material targeted herein. The literature reports around half a ton of PKS for every ton of palm oil produced from fresh fruit bunches [6] . In this context, the use of this agro industrial waste as potential source of raw materials for engineering applications has gained greater interest today as never before. This has been justified by the unique properties of these materials, originating from their ligno-cellulosic nature as well as their hierarchical organization [7] [8] [9] [10] .
There has been a long-standing interest to using PKS in various engineering applications. Herawan et al. [11] carried out the characterization of Activated
Carbon produced from PKS (AC-PKS); nitrogen adsorption at 77 K was employed to verify the effect of the pore structure on the adsorption properties. They observed a significant improvement in the surface characteristics of the activated carbons. Using potassium carbonate (K 2 CO 3 ) as activating agent, Adinnata et al. [12] reported the influence of carbonization temperatures on the pore development and yield in the AC-PKS. They found that by increasing the carbonization temperature and impregnation ratio, the yield decreases, while the adsorption of CO 2 increases, progressively. Guo et al. [13] [14] showed that the adsorptive capacities of the PKS adsorbents can be improved by surface functional groups that reacts with nitrogen dioxide (NO 2 ) and ammonia (NH 3 ) gases. They also proposed methods of chemical activation of PKS using Phosphoric acid (H 3 PO 4 ) and Potassium Hydroxide (KOH). Considering the increasing interest of microwave pyrolysis [15] [16], Ani and Salema [17] investigated the heating characteristics of PKS char prior to using it as microwave absorber during the pyrolysis of oil palm biomass [17] . They found that PKS char has a significant influence on the product yield and can reduce the energy consumption, time and cost of the thermo-chemical process. The liquid obtained from the PKS pyrolysis was reported to contain a high concentration of phenol and its derivatives [18] . These are viewed as high value chemicals with diverse applications. Phenol can indeed be used to manufacture [19] . Therefore, extracting phenol during PKS pyrolysis could present high advantages, since petroleum-based phenol is rather expensive.
Sabzoi et al. [20] performed a parameters' optimization study during the catalytic hydrolysis of PKS for bio-oil production. The optimization parameters were reaction temperature, reaction time and sodium hydroxide (NaOH) concentration. The NaOH concentration was observed as the most influencing parameter in liquid yield because of cracking of reaction or reduction of reaction taking place during the hydrolysis process with NaOH.
Due to its higher content of silica (SiO 2 ) and higher powder fineness, PKS Ash Ofuyatan et al. [25] carried out a study on the durability (tested by acid resistance, sulphate attack) of Self Compacting Concrete with partial placement of Portland cement by PKSA. This research on the durability of self-compacting concrete, had focused on the freeze/thaw resistance and the chloride penetration.
The authors reported that the concrete properties are enhanced with the increase of ash content. Fono-Tamo et al. [26] found that PKS and sand dust could be advantageously mixed to fabricate standard particleboards. Magniont and Escadeillas [27] presented a review on the chemical composition of bio-aggregates resources used as building materials; they focused on various plant aggregates other than plant fruit kernel shells. While it is particularly important to note that the unique properties of these materials originate from their structural composite nature [28] , Singh et al. [29] reported the use TGA derivedpyrolytic unit thermograms to predict the percentage of chemicals in biomassviewed as mixtures. Pang et al. [7] established the relationship between biomass thermal behavior and its lignocellulosic composition. Likewise, thermal behaviors and properties of these chemicals have been studied by several other researchers [30] [31]
[32]. Recently, Ninduangdee et al. [33] used TGA to investigate the degradation behavior and the combustion characteristics of PKS. They evaluated their activation energy as well as their ignition, burnout and other phase transitions temperatures. Some physico-chemical characteristics of PKS were also reported in reference [33] with no indication on their source. Moreover, the pyrolysis TGA-characteristics of PKS were reported by Ma et al. [34] with two significant mass-loss ascribed solely to hemicelluloses and lignin.
However, despite the high growing interest on the PKS, its physicochemical 
Density of PKS
The well-established pycnometers measuring technique was used. The density of PKS is given by: The value obtained was compared to that of the simple Rule of Mixture (ROM) density produced as: 
SEM/EDS Analysis
For SEM observations, the PKS/CKS powders were spread onto an aluminum stub covered with a conductive carbon tape, such that the powder was evenly distributed on the surface of the carbon tape. The samples were coated with a mixture of gold and palladium by a sputter coater (Polaron SC 7640). All powders were brown. PKS sample was the roughest, and CKS was the finest by naked eyes.
A JEOL JSM-6900 Low Vacuum SEM was used to observe the surface morphologies of the products. It is a high-performance scanning electron microscope for fast characterization and imaging of fine structures on both small and large samples. Energy Dispersive Spectroscopy (EDS) for qualitative analysis of the sample elements was performed by using the Integrated Microanalyzer for images and X-rays (IMIX) system.
TEM/EDXA Analysis
Likewise, for TEM/EDS, the as-received PKS/CKS powders were crushed with an agate mortar and pestle under distilled water to reduce the particle size. TEM specimens were made with the ground powder as follows: powder was sonicated for 5 minutes in distilled water then dropped onto a lacey carbon coated grid.
For the ultrastructure characterization, a JEOL TEM, with a JSX-1000S Fluorescence Spectrometer X-ray analyzer was used. It is also an elemental analysis tool, capable of identifying the elements in areas less than 0.5 µm in diameter from carbon to uranium.
Chemical Constituents
The PKS (Tenera and Dura) powders were used in this study. Cellulose, hemicelluloses and lignin contents were firstly investigated, as lignocellulosic raw resources main structural chemical components. The well-known and widely accepted Van Soest Method (NDF and ADF analyses) [45] [46] [47] , was used to determine cellulose (w C ), hemicelluloses (w HC ), lignin (w L ) and mineral matter (w MM ) contents in PKS. A Perkin Elmer CHNO/S Analyzer 2400 enabling the implementation of the TAPPI analysis was used [12] . PKS powders were treated with a Neutral Detergent Solution (NDS solution) for the NDF fraction (C, L, HC and MM n ) and an Acid Detergent Solution (ADS solution) for the ADF fraction (C, L, MM a ). The powders were filtered using a sintered glass pan and their remaining residues dried at 60˚C during 48 hrs. Van Soest NDF method measures most of the structural components in plant cells (i.e. lignin, hemicelluloses and cellulose), but not pectin. The ADF residue consists of cellulose, lignin, cutin, and acid-insoluble ash (mainly silica).
DSC and TGA Analysis
Samples for DSC analysis were prepared by adding the desired amount of the ). The TG SDT-Q600 is controlled by proprietary thermal software, and has auto-sampler accessories for unattended operation. The mass of the specimens was monitored as a function of temperature or time. The TGA and DTGA served to determine the residue, moisture and volatiles [34] contents as well as the mass loss of each material major chemical, from where chemical contents were deduced. The following characteristics could then be investigated.
Melt and Glass Transition Temperatures
The endotherm of melting corresponds to the portion of the DSC curve that is far from the baseline, and, later, returns to it. The melting temperature, T onset , is defined by the extrapolated beginning of the curve, being defined by the point of intersection of the tangent with the point of maximum slope, on the principal side of the peak with the base line extrapolated. The melting temperature value T m from the endothermic and the corresponding heat flow latent (calorific value) H m are readily obtained on the DSC thermogram. From the DSC thermogram glass transition temperature, T g , can be derived. For, the glass transition is a second order transition. T g is manifested by a sudden increase in the base line, indicating an increase in the heat capacity of the polymer probably after water and volatiles total evaporation and decomposition.
Specific Heat Capacity
The thermal step-height of the heat capacity ∆C p of the samples is to be evaluated at glass transition temperature. The heat capacity C p is defined by:
where, represents the temperature scan rate. The difference in the heat capacity of the sample and the reference is defined as in Equations (4) and (5) 
where, dH dt ∆ is the shift in the baseline of the thermogram. Equation (5) is readily derived from Equation (3) . Hence, at glass transition, C p is given by:
Thermal Conductivity
The thermal conductivity, k and thermal diffusivity coefficient a, are given by
where, d is the density of the tested material. 
TEM Ultrastructure and EDX Analysis
Representative micrographs are shown in Figure 4 . Figure 5 presents TEM micrographs of PKS. In Figure 5 (a) (011 BF 7400× particle 3), a typical majority phase of particle 3 is shown. A Selected Area Electron Diffraction Pattern (SAEDP) is typical to amorphous carbon. EDS spectrum is similar to that shown previously (Figure 4(b) , mainly made up of carbon and oxygen with some Ca and K peaks. Figure 5 (b) (BF 10,500×) of particle 2 represents a typical secondary phase found with a plant-like cell wall morphology. A SAEDP from left hand corner of particle 2 ( Figure 5(c) ) shows that the material is crystalline. This pattern can be indexed as [001] zone axis of Beta-quartz (hex, a= 0.491 nm and c = 0.540 nm). Figure 5(d) is an EDS spectrum from particle 2 and is consistent with the identification as quartz (silicon oxide). In Figure 5 (e), it is observed that most of particle 5 is the majority phase mainly composed of amorphous carbon and oxygen. The top right area (dark contrast, arrowed) is a secondary phase. Figure 5 (f) shows an EDS spectrum from the dark region of particle 5. A SAEDP from dark region of particle 5 is similar to that of particle 2, but exhibiting some disorder. Figure 5 (g) from particle 6 is an amorphous majority phase, EDS mainly gives carbon and oxygen with some Ca and K.
To sum up, most of the PKS material is composed of microporous particles with very irregular morphology. These particles are mainly amorphous phases of carbon/oxygen with small amounts of Ca and K. Secondary phases, mainly silicon oxides, could be contaminants, some of which may be sand. Also detected are various other materials in small amounts such as graphite.
The majority phase and an X-ray spectrum of a CKS particle are shown in Figure 6 (a) and Figure 6 (b) respectively. Many similar large particles were found. The particle shown is noncrystalline, however the particles are crystalline, composed of single crystals. X-ray microanalysis gives silicon and oxygen. Another crystalline oxide particle was found and contained a large amount of silicon as well as calcium and aluminum. Electron diffraction patterns are consistent with quartz (crystalline) and sometimes polycrystalline. As noted with SEM micrographs, TEM shows that the CKS material is morphologically identical to the PKS. However, for CKS, there is a large amount of secondary phases or contaminants, including large particles of quartz (silicon oxide) as well as agglomerations of small crystalline particles, which are composed of Fe, Al, Si and O. Again, X-ray microanalysis performed on TEM sample nano-locations are almost consistent with that performed on SEM sample micro-locations. The detection of Ca, P, Mg and O as well as the presence of micropores, justify the empirical use of PKS in sanitation and purification. Micropores also foster its applicability in membrane filtration. Materials Sciences and Applications . TEM micrographs of PKS (a) 7400× particle 3, typical majority phase (b) Typical representative of a secondary phase of particle 2 (c) SAEDP with aperture on the middle of particle 2 (d) EDS spectrum from particle 2 (e) Particle 5 majority phase (f) EDS spectrum from the dark region of particle 5 (g) Amorphous majority phase. Figure 6 . TEM micrographs of CKS (a) 5600×, a noncrystalline nanoparticle (b) X-ray spectrum of the particle in Figure 7 . 
Densities
The measured density was found to be (d PKS ) E = 1.502 g·cm −3 (sd = 0.107) for PKS Dura consistent withthatreported in references [14] [50] and (d PKS ) E = 1.381 g·cm −3 (sd = 0.0004) for PKS Tenera. As can also be noted from the difference in shell , a result consistent with the experiment on apparent density [14] . More accurate true density measurements of powders, granules, porous materials, can be performed by the use of a test gas (e.g. helium), in gas pycno- Table 1 presents results of wet chemistry of PKS, for two analyses. Lignin content of PKS appeared to be greater than that of Cellulose and Hemicelluloses. However, the hemicelluloses content obtained here is lower than that presented in the literature [16] [33]. The PKS also contain mineral material in the form of ash that corresponds to the residue obtained after incineration of each dry sample, with MM-NDF fraction being smaller than the MM-ADF. As will be seen below, the MM fraction is consistent with TGA results. Ash is an inorganic part, inert, "useless" and amorphous carbon present in the PKS, a mixture of calcium salts and metal oxides [13] [14] . The mineral matter represents the remaining material after the incineration of 1g of each sample of dried PKS at 550˚C during 6 hours [47] . The chemical composition of the PKS is complex and varies to some extent depending on the source and its age. Hence, it could be difficult to define structural formulas of these mixtures of biopolymers. The derived higher content of Lignin (a group of polyphenolic polymers, a polyphenolic macromolecule, with high molecular weights) justifies the higher concentration of phenols in the PKS pyrolysis liquid [33] and encourages lignin extraction from PKS and its use as 3D printing material [42] . The cellulose of PKS is likely amorphous, since TEM/EDXA shows that most of the PKS material is mainly an amorphous carbon/oxygen phase. Figure 7 shows the DSC combined thermograms of CKS and PKS Tenera (obtained from different particle sizes ≤ 0.04; 0.05; 0.2; 0.5 µm). The measured T m and corresponding ∆H m values for powder specimens with different maximum particle sizes are summarized in Table 2 for PKS and CKS. The exothermic convex peak at around 100˚C of the thermogram corresponds to the loss of volatiles and/or water. The three endothermic peaks at 230˚C -260˚C, 300˚C -350˚C, and 410˚C -430˚C likely correspond to Hemicelluloses, Cellulose and lignin melts respectively. Cellulose is a linear macromolecule; it is therefore expected to reveal melting behavior when heated. On the other hand, the macromolecular chains of cellulose consist of ether bonds of "O", which is a relatively weak chemical bond. That means, the ether bonds can be broken with thermal energies smaller than energies needed to melt them. The outcome is degradation and decomposition of cellulose before total melting of PKS/CKS takes place. The temperatures of melt T m,HC , T m,C and T m,L ( However, this order of thermal events could specific to each biomass. Table 2 gives an outlook of the derived thermal transition values and properties, whereas Table 3 . Therefore, these materials could be used as a wall material of phase change materials [56] . From the spectrum of EDS, the sample contains carbon and oxygen identified as main elements, and silicon in a small proportion. Some rock-like particles were occasionally observed and EDS analysis showed they mainly contain silicon. 
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